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Aggregation of disordered amyloidogenic peptides into oligomers is the causative agent 

of amyloid-related diseases. In solution, disordered protein states are characterized by 

heterogeneous ensembles. Among these, β-rich conformers self-assemble via a 

conformational selection mechanism to form energetically-favored cross-β structures, 

regardless of their precise sequences. These disordered peptides can also penetrate 

the membrane, and electrophysiological data indicate that they form ion-conducting 

channels. Based on these and additional data, including imaging and molecular 

dynamic simulations of a range of amyloid peptides, Alzheimer’s amyloid-β (Aβ) 

peptide, its disease-related variants with point mutations and N-terminal truncated 

species, other amyloidogenic peptides, as well as a cytolytic peptide and a synthetic 

gel-forming peptide, we suggest that disordered amyloidogenic peptides can also 

present a common motif in the membrane. The motif consists of curved, moon-like β-

rich oligomers associated into annular organizations. The motif is favored in the lipid 

bilayer since it permits hydrophobic side chains to face and interact with the membrane 

and the charged/polar residues to face the solvated channel pores. Such channels are 

toxic since their pores allow uncontrolled leakage of ions into/out of the cell, 

destabilizing cellular ionic homeostasis. Here we detail Aβ, whose aggregation is 

associated with Alzheimer’s disease (AD) and for which there are the most abundant 

data. AD is a protein misfolding disease characterized by a build-up of Aβ peptide as 

senile plaques, neurodegeneration, and memory loss. Excessively produced Aβ 

peptides may directly induce cellular toxicity, even without the involvement of 

membrane receptors through Aβ peptide-plasma membrane interactions.  
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1. Introduction 

Protein misfolding causes abnormal protein aggregates that link to fatal protein deposition 

diseases including a number of neurodegenerative diseases, such as Alzheimer's, Huntington's, 

Parkinson's, familial British dementia (FED), familial Danish dementia (FDD), and prion 

encephalopathies, type II diabetes and eye cataracts.
1-6

 Amyloid aggregates are aging-related, 

symptomatically associated with Alzheimer’s disease (AD), which is characterized by the 

presence of extracellular plaques, intracellular neurofibrillary tangles, and the loss of synapses 

and neurons in the brain of AD patients.
7,8

 Despite the prevalence of amyloid-related diseases, 

their origins, mechanisms of toxicity, and how to prevent, halt or delay amyloidosis are still open 

questions. Common view has long held that protein misfolding-induced amyloids result in 

disease either by disrupting regular protein function or by inducing a gain-of-function, often 

causing pathophysiologic cell response by destabilizing cellular ionic homeostasis.
1-3

 In solution, 

many of the amyloid aggregates form by disordered peptides (or fragments) assembling into a 

common, regular cross-β structures through conformational selection of preferred β conformers.
9
 

The traditional amyloid hypothesis holds that accumulation of β-amyloid (Aβ) peptide in 

the brain is the primary cause of AD pathogenesis, leading to synapse loss and neuronal cell 

death.
10-14

 The extracellular plaques mainly contain Aβ peptides and the intracellular tangles 

include aggregates of Tau protein.
4,5

 Amyloid fibrils with a β-sheet pattern are commonly found 

in these aggregates, deposited both in the extracellular space and in the cytoplasm.
15,16

 Early 

studies pointed to fibrillar deposits of Aβ peptides in the extracellular plaques as directly 

associated with the cause of the disease.
16

 However, a long term clinical study revealed that even 

though an experimental drug (AN1792) could remove the extracellular plaques in AD patients, it 

failed to prevent progressive neurodegeneration.
17

 The current amyloid cascade hypothesis in 
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AD points to small Aβ oligomers as the main toxic species,
18-22

 gradually shifting the research 

focus to Aβ oligomers rather than fibrils.
23,24

 This hypothesis suggests that early stage symptoms 

of AD, including reduced synaptic function as well as impairment of learning and memory 

formation processes, are associated with oligomeric assemblies.
5,25

 The interaction of Aβ with 

the cell membrane is a fundamental mechanistic chemical feature leading to AD pathogenesis.
26-

29
 Here, we suggest that small oligomers of Aβ and other disordered amyloidogenic peptides may 

insert into the membrane and assemble into common β-sheet rich annular structural motifs and 

review the literature in this light, focusing on Aβ which has abundant data.    

The 39-43 (40 and 42 are the most common) amino acids long Aβ peptide is a fragment 

of the amyloid precursor protein (APP) (Fig. 1A). APP cleavage is driven by β-secretase (BACE) 

at position 1 outside the cell and γ-secretase at positions 40 or 42 within the cell membrane (Fig. 

1B). While the production of Aβ1-40 is energetically more favorable than Aβ1-42, Aβ1-42 is more 

toxic to neurons than Aβ1-40.
30

 In addition to the full-length Aβ1-40/42 peptide, N-terminal 

truncated fragments are also formed via cleavage of the APP by β’- and γ-secretases producing 

the Aβ11-40/42 peptide (Fig. 1C), and α- and γ-secretases cleavage yields Aβ17-40/42 peptide (Fig. 

1D).
11,31

 Since these truncated peptides were putatively treated as nonpathogenic species, drugs 

to inhibit BACE were used to block production of the full-length Aβ peptides, and at the same 

time, enhance the production of the N-terminal truncated Aβ peptides.
32

 However, recent studies 

using complementary techniques of atomic force microscopy (AFM), molecular dynamics (MD) 

simulations, planar lipid bilayer (PLB), cell calcium imaging, neuritic degeneration, and cell 

death assays demonstrated that the N-terminal truncated Aβ peptides, Aβ17-42 (p3) and Aβ9-42 

(N9), formed toxic ion channels in the lipid bilayers.
33-38

 In particular, the p3 peptide was 
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reported to induce toxicity in AD and is known to be the main constituent of cerebellear 

preamyloid lesions in Down Syndrome (DS).
39-41

 

 

Figure 1 Productions of β-amyloid (Aβ) via various cleavages. (A) A cartoon representing the 

cleavage process by α-, β-, β’- and γ-secretases of amyloid precursor protein (APP). The Aβ1-42 

domain is shown in gray with the sequence and numbering of the amino acids. In single letter 

amino acid codes, hydrophobic, polar/Gly, positively charged, and negatively charged residues 

are colored white, green, blue, and red, respectively. Various Aβ fragments are processed by 

different secretase combinations. (B) Amyloidogenic fragment of Aβ1-40/42 by β- and γ-

secretases, and non-amyloidogenic fragments of (C) Aβ11-40/42 by β’- and γ-secretases and (D) 
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Aβ17-40/42 by α- and γ-secretases. These cartoons were inspired by previous publication.
31

 (B and 

D from Jang et al., 2010,
37

 are reprinted with permission). 

 

In spite of over a century of research, there is still no strategy to prevent or cure the 

AD.
42,43

 An important reason for this is the lack of knowledge of a high resolution structure 

based on x-ray diffraction for the toxic amyloid oligomers, hampering the development of 

therapeutic drugs.
44

 Solution and solid state NMR (ssNMR), without and with coordinated 

metals such as zinc and copper, indicated a range of conformations,
45-52

 as did other 

spectroscopic techniques,
53,54

 and molecular dynamics simulations.
55-62

 The different amyloid 

states emerging from these underscore the chemical nature of Aβ: a disordered peptide with 

energetically fairly similar conformational states separated by low barriers, with the prevailing 

states highly sensitive to conditions and the chemical environment: solution or bilayer, peptide 

concentration, presence of ions, membrane composition, cholesterol, metals, presence of other 

amyloids such as of Tau protein known to co-aggregate with Aβ, and other proteins, and more. 

Further, slight sequence alterations, such as those involving single point mutations and truncated 

peptides, taking place under physiological conditions and in disease, can also be expected to shift 

the free energy landscape of amyloids.
63,64

 The different conformations may self-assemble into 

multiple oligomeric cross-β seed states, propagating into a broad range of fibrils, differing in 

their organizations and dimensions.
65-70

 It can be expected that the range of currently observed 

conformations will increase. On a different resolution scale, a substantial body of evidence 

obtained by AFM techniques illustrated assembled channel-like oligomer structures for a series 

of different amyloids.
21,36,71-78

 Electron microscopy (EM) also provided images of amyloid 

oligomers with doughnut-like structures.
79-81

 Given these predicaments, the problem of 

predicting amyloid conformations using MD simulations, coarse grained, implicit, or explicit 
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solvent description- in the solution state, without and with metal ions, on and in the membrane, 

in the presence and absence of AD-related mutations, and truncated fragments has drawn much 

attention.
82-102

 Recently, a series of MD simulations provided insight into the molecular 

conformations of oligomeric Aβ channel structures at atomic-level resolution,
33-38,77,78,103-106

 

exhibiting that Aβ channels are heterogeneous, consisting of β-sheet-rich subunits with 

morphologies and dimensions in good agreement with the imaged AFM channels.
21,72,73

  

We propose that heterogeneous, disordered amyloidogenic peptides with different 

sequences frequently insert into the membrane and assemble into channel structural motifs. 

Insertion may depend on the membrane composition and net charge, which varies across tissues 

and organism types. We center on Aβ channel structures derived from modeling and MD 

simulations for Aβ sequences and monomer morphologies, and relate these to AD. Similar 

structural motifs were obtained by simulations for other amyloidogenic peptides (a fragment of 

β2-microglobulin (K3)
75

 and the human islet amyloid polypeptide (hIAPP)
84,107

 and by AFM for 

a still broader range.
21

 They were also obtained for the cytolytic antimicrobial peptide (AMP), 

protegrin-1 (PG-1),
108,109

 and for a synthetic peptide which self-assembles into a hydrogel.
110

 

Unregulated toxic ion channels consisting of β-rich oligomers annularly associated and 

supported by their bilayer environment may be a preferred state for heterogeneous disordered 

peptides. In solution, aggregated amyloid states typically present the cross-β structures. In the 

membrane, small β-sheet rich subunits may insert and if their concentration is sufficiently high, 

oligomerize to form circular organization. In both, conformational and organizational details 

vary with the sequence and physical environment. The MD simulations described below were 

performed by the CHARMM
111

 program with the NAMD code
112

 on the Biowulf cluster 

(http://biowulf.nih.gov) at the NIH.  
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2. Mechanisms of Aβ toxicity 

Pathological amyloid folding alters the three-dimensional conformations from soluble native 

structures
113,114

 to insoluble non-native β-sheet-rich aggregates,
115,116

 ranging from small 

oligomers to fibers.
117

 Upon binding to the cell membrane, these conformational changes, 

catalyzed by the membrane, disrupt cellular function inducing cytotoxicity.
4,5,118

 Aβ toxicity can 

be a direct consequence of ion channel formation.
119

 Amyloid channels consist of small 

oligomers with a β-sheet motif, self-assembled around an aqueous cavity in the lipid 

environment. The formation of water cavity provides passage for unregulated ionic currents 

across the lipid membrane, destabilizing cellular ionic homeostasis. In the early 90’s, Arispe et 

al.
120-124

 first reported electrophysiology data of Aβ ion channels in the PLB (or BLM for black 

lipid membrane) neuron experiments, proposing the amyloid ion channel hypothesis. The 

measured ionic flux across the reconstituted membrane detected the emergence of stepwise ionic 

currents over time pointing to ion channels (Fig. 2A). The Aβ channels were cation-selective, 

voltage-independent and blocked by zinc
73,124-127

 (Fig. 2B). Unlike typical regulated ion 

channels, Aβ channels exhibited multiple, large single channel conductances in the range of 0.4-

4 nS, inducing an abrupt change in the cellular ionic concentration, leading to significant 

disruption of the membrane potential and loss of cellular homeostasis. Similar observations were 

made for other channel-forming amyloids including IAPP,
128-133

 prion protein fragment,
134

 

polyglutamine,
135

 β2-microglobulin,
136

 transthyretin (TTR),
137

 and serum amyloid A (SAA).
138
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Figure 2 An example of stepwise current feature across planar lipid bilayer (PLB, or BLM 

representing "black lipid membrane") membrane produced by amyloid channels. (A) The 

electrophysiological activity of Aβ1-42 ion channels embedded in PLB. (B) Inhibition of channel 

activity by Zn
2+ 

addition. Time of Zn
2+

 addition (2 mM) is marked by arrow. (From Capone et 

al., 2012,
103

 reprinted with permission). 

 

Indirect large oligomer-induced toxicity effects relate to neuronal oxidative stress, 

inflammation, or cell membrane-mediated signaling pathways.
139-141

 An alternative hypothesis to 
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explain disruption of cellular ionic homeostasis suggested that large amyloid oligomers cause 

mechanical damage to the cell membrane inducing membrane thinning with consequent 

nonselective ion leakage through the low dielectric barrier in the locally perturbed 

membrane.
142,143

 Recently, amyloid fiber growth on the membrane surface was found to produce 

fragmentation of the cell membrane, inducing non-specific leakages.
144-147

 All of these Aβ-

induced effects, whether via channel formation, receptor-mediated pathways, or membrane 

thinning destabilized the cellular ionic homeostasis, primarily by increased levels of intracellular 

calcium. 

 

3. Structures of Aβ peptide 

3.1 Aβ1-42 vs. Aβ1-40 

Early nuclear magnetic resonance (NMR) data suggested that Aβ monomers were generally 

disordered in aqueous environments,
114,148

 but recent studies indicate that they are partially-

folded α-helical structures.
149-151

 When aggregated into oligomers or fibrils, however, the helical 

intermediates convert into β-sheet-rich structures. Lührs et al.
152

 reported the Aβ1-42 fibril 

structure from a combination of hydrogen/deuterium-exchange NMR data, side-chain packing 

constraints from pairwise mutagenesis, ssNMR and EM (pdb id: 2BEG). They obtained the 

coordinates for residues 17-42, while the N-terminal coordinates (residues 1-16) were missing 

due to disorder (Fig. 3A). The monomer conformation in the fibril was U-shaped with a β-strand-

turn-β-strand motif and a turn located at Ser26-Ile31 with an intermolecular salt bridge 

Asp23/Lys28. The U-shaped monomer topology of Aβ peptides has been first introduced for  
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Figure 3 Three-dimensional structures of Alzheimer’s amyloids. (A) The pentameric Aβ1-42 

fibril structure obtained from a combination of hydrogen/deuterium-exchange nuclear magnetic 

resonance (NMR) data, side-chain packing constraints from pairwise mutagenesis, solid state 

NMR (ssNMR) and electron microscopy (EM) (pdb id: 2BEG).
152

 The coordinates for residues 

1-16 were missing due to disorder. (B) The ssNMR model for small Aβ1-40 protofibrils (pdb ids: 

2LMN).
67

 The coordinates for residues 1-8 were missing due to disorder. Residues at both 

termini are marked. 

 

solvated oligomers of Aβ16-35 through modeling and MD simulations.
153

 The peptides with the β-

strand-turn-β-strand motif assembled in register presenting a parallel organization with the 

Page 12 of 41Chemical Society Reviews



13 

 

intramolecular salt bridge of Asp23/Lys28. Similar U-shaped peptides could be observed in 

small Aβ1-40 protofibrils (pdb ids: 2LMN and 2LMO) defined by solid state NMR (ssNMR).
67

 

The U-shaped Aβ1-40 peptide had a turn at Asp23-Gly29 and the same salt bridge as the Aβ16-35 

peptide (Fig. 3B). The N-terminal coordinates (residues 1-8) were missing due to disorder. 

Recently, another U-shaped Aβ1-40 peptide
154

 with a turn at Val24-Ala30, which is similar to the 

previous Aβ1-40 model,
67

 was reported. Combined, it appears that the more C-terminal turn at 

Asp23-Gly29 is an intrinsic turn of Aβ1-40. In contrast, Aβ1-42 preferentially adopted the less C-

terminal turn at Ser26-Ile31.
152

 Variants with additional turns near the C-terminal have also been 

detected, primary among these are those seeded from the brain extracts of two Alzheimer’s 

disease patients presenting a triangular shape organization
155

 reminiscent of earlier triangular 

organizations.
65,70

 

 

3.2 Two Aβ1-42 conformers derived from the NMR-based structures 

The NMR-derived models of small Aβ1-40/42 protofibrils only provided the N-terminal truncated 

Aβ coordinates due to conformational disorder.
67,152,154

 In order to paint a complete picture for 

Aβ toxicity involving full-length Aβ peptides, structural information of the β-sheet peptide is 

needed.
156-159

 Recently, computational modeling provided two U-shaped monomer 

conformations of Aβ1-42 based on the NMR structures.
77,78,103,104

 In the MD simulations, the Aβ1-

16 coordinates in the absence of Zn
2+

 (pdb id: 1ZE7)
47

 were used for the missing N-terminal 

portions of the peptides.
67,152

 For each combination of the N-terminal structure with the U-shaped 

motifs of Aβ17-42 and Aβ9-40, two Aβ1-42 conformers were generated (Fig. 4). Conformer 1 has a  

Page 13 of 41 Chemical Society Reviews



14 

 

 

Figure 4 A cartoon representing the constructions of the full-length Aβ1-42 peptides. The N-

terminal truncated Aβ monomers are U-shape with the β-strand-turn-β-strand motif. The missing 

N-terminal portions of these NMR-derived Aβ peptides are recovered with the coordinates from 

the solution structure of Aβ1-16 (pdb id: 1ZE7).
47

 By covalently connecting the N-terminal to the 

truncated Aβ peptides, two Aβ1-42 conformers (conformer 1 and 2) with different turns can be 

generated. 

 

turn at Ser26-Ile31, and conformer 2 at Asp23-Gly29. In the latter conformer, two C-terminal 

residues, Ile41 and Ala42 were added to create Aβ1-42. Both Aβ1-42 conformers retained the U-
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shaped β-strand-turn-β-strand motif and can be divided into four domains: the N-terminal 

fragment (residues 1-16 and 1-8 for conformer 1 and 2, respectively), pore-lining β-strand 

(residues 17-25 and 9-22 for conformer 1 and 2, respectively), turn (residues 26-31 and 23-29 for 

conformer 1 and 2, respectively), and C-terminal β-strand (residues 32-42 and 30-42 for 

conformer 1 and 2, respectively). 

 

4. Aβ channels in the lipid bilayers 

4.1 N-terminal truncated Aβ17-42 and Aβ9-42 channels 

APP cleavages by combinations of β’-/γ-secretases and α-/γ-secretases produce Aβ11-42 and Aβ17-

42 (p3) peptides, respectively (Fig. 1C,D).
11,31

 Adding two more residues to the N-terminal of 

Aβ11-42 peptide obtains the Aβ9-42 (N9) peptide. The pioneering computational studies of amyloid 

ion channels in the lipid bilayer have begun with these N-terminal truncated Aβ peptides.
33-38

 

The NMR-based U-shaped Aβ peptides
67,152

 were directly employed in the modeling of the 

channels. Annular β-sheets in the channel and barrel topologies were initially constructed in a 

lipid environment as starting points for the explicit MD simulations. To construct the initial 

channel structure with conventional β-strands arrangement, 12-36 U-shaped peptides were 

inserted without inclination with respect to the membrane normal, generating the channel 

topology (Fig. 5A).
33-37

 To construct the barrel structure, the U-shaped peptides were inclined 

~37° relative to the pore axis and then a 12-20 fold rotational symmetry operation was performed 

with respect to the pore axis, creating the barrel topology (Fig. 5B).
38

 In both topologies, the 

polar/charged N-terminal β-strands (residues 17-25 for p3 and 9-22 for N9 topologies) 

encompassed the water pore, and the hydrophobic C-terminal β-strands (residues 32-42 for p3 
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and 30-42 for N9 topologies) faced lipids. Other β-sheet-forming peptides also exhibited the 

channel and barrel topologies (Fig. 5C-E).  

 

Figure 5 Conventional β-sheet channel vs. β-barrel designs. (A) The conventional β-sheet 

channel
 
has the β-strands that orient parallel to the membrane normal, (B) while the β-strands 

that orient obliquely to the membrane normal generate β-barrel structure. Above examples are 

shown for the p3 (Aβ17-42) channel and barrel. Other examples of the β-sheet channel and barrel 
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formed by the U-shaped K3 (a fragment of β2-microglobulin) peptide and by the PG-1 and MAX 

β-hairpins. (C) The 24-mer channel embedded in the DOPC bilayer in stereo view.
75

 (D) The 8-

mer PG-1 channels with the antiparallel and parallel β-strand arrangements.
108

 (E) The 10-mer 

antiparallel MAX channels and barrels in the NCCN and NCNC packing modes (from Gupta et 

al., 2013,
110

 reprinted with permission). 

 

The annular channels/barrels gradually relaxed toward heterogeneous shapes in the lipid 

bilayer during the simulations (Fig. 6). The simulations illustrated that the Aβ channels and 

barrels consist of loosely attached β-sheet-rich subunits with the morphologies and dimensions in 

good agreement with the imaged AFM channels.
36

 The outer dimensions and the pore diameters 

for the p3 and N9 channels/barrels from the simulations depended on the number of peptides 

assembled in the channels/barrels (Tables 1 and 2); however, the number of subunits which were 

formed during the simulations reflected the fluidic bilayer dynamics. Remarkably, the MD 

simulations presented optimal toxic ion channel sizes ranging between 16 and 24 monomers.
35,37

 

This range was also found to hold for other toxic β-sheet channels; 24-mer K3 (a fragment of β2-

microglobulin) channels with 24 β-strands,
75

 8-/10-mer protegrin-1 (PG-1) channels with 16-20 

β-strands,
108,109

 18-/24-mer human islet amyloid polypeptide (hIAPP) channels with 18-24 β-

strands,
107

 and 10-mer for the synthetic hydrogel-forming peptide MAX barrels with 20 β-

strands.
110
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Figue 6 Truncated Aβ channel/barrel conformations in the lipid bilayer. Averaged pore 

structures calculated by the HOLE program
184

 embedded in the averaged channel/barrel 

conformations during the simulations for the p3 (Aβ17-42) (A) channels and (B) barrels, and the 

N9 (Aβ9-42) (C) channels and (D) barrels. (A from Jang et al., 2010,
37

 B and D from Jang et al., 

2010,
38

 and C from from Jang et al., 2009,
35

 reprinted with permission). 
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Figure 7 Schematic diagrams representing the all L- and all-D-amino acids Aβ1-42 peptides with 

different conformers. The coordinates of all D-amino acids Aβ1-42 are mirror-imaged coordinates 

of all L-amino acids Aβ1-42 for (A) the conformer 1 and (B) the conformer 2. The standard 

CHARMM
111

 force can be directly used for D-amino acids. However, the parameters include the 

dihedral angle cross-term map (CMAP), which, for D-amino acids, needs to be corrected since 

the map was constructed for L-amino acids. To simulate D-amino acids, corrected CMAP data 

for D-amino acids should be applied via reflecting the phi-psi CMAP matrix for L-amino 

acids.
77,103,110

 

 

4.2 L- and D-enantiomers Aβ1-42 channels 

The indirect mechanism for Aβ-mediated destabilization of ionic homeostasis suggested that Aβ 

binds to cell membrane receptors via stereospecific interactions, resulting in opening existing ion 

channels or transporters.
115,139

 Cell binding studies by Ciccotosto et al.
160

 showed that although 

both all L- and all D-amino acids Aβ1-42 peptides (L-Aβ1-42 and D-Aβ1-42 peptides) bound to 

cultured cortical neurons, only the L-Aβ1-42 peptide was neurotoxic, suggesting stereospecific 

interactions of L-Aβ1-42 peptide. However, stereospecificity could be studied through comparison 

of the biological activities of the L- and D-enantiomers, since putative cellular receptors would 

not bind the D-Aβ due to the lack of conformational fitting. Recent comprehensive studies 
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including AFM, PLB, and MD simulations demonstrated that the D-Aβ isomer formed ion 

channel in the bilayer with size, shape, and ion conductance behavior indistinguishable from the 

wild type L-Aβ isomer.
77,103

 This suggested that Aβ toxicity occurred via a receptor independent, 

nonstereoselective mechanism. In the computational studies, the L- and D-enantiomers ion 

channels were modelled using two Aβ1-42 conformers (Fig. 4) with the β-strand-turn-β-strand 

motif. The D-Aβ1-42 conformers were mirror images of L-Aβ1-42, obtained by reflecting the L-

coordinates with respect to the reference plane (Fig. 7). The conformers retained the U-shaped β-

strand-turn-β-strand motif similar to their L-Aβ1-42 counterparts, regardless of their chirality. 

Conformer 1 D-Aβ1-42 had a turn at Ser26-Ile31 and conformer 2 D-Aβ1-42 at Asp23-Gly29, 

following the wild type ssNMR models. 18-mers, L- and D-enantiomers Aβ1-42 barrels were 

simulated in an anionic lipid bilayer containing 1,2-dioleoyl-sn-glycero-3-phosphoserine (DOPS) 

and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) with a mole ratio 

DOPS:POPE=1:2, and a zwitterionic lipid bilayer composed of 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC). 

During the simulations, the Aβ barrels were gradually relaxed through their interaction 

with the surrounding lipids, presenting the assembled-subunits channel morphology (Fig. 8A-D). 

Regardless of the D- and L-amino acids chirality, both Aβ conformers and isomers preserved the 

barrel conformation in a way such that the membrane-embedded, pore-lining β-strands 

encompassed the solvated pore, and the C-terminal β-stands interacted with lipid tails. The N-

terminal portions were disordered and stayed extramembranous. The computational studies 

verified that D-Aβ1-42 was able to form ion channels and be active independent of stereospecific 

receptor interactions, presenting indistinguishable pore structures formed by both isomers as 

imaged by AFM (Fig. 8E). No differences in the calculated outer and pore dimensions for the 
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Aβ1-42 barrels between different Aβ conformers and/or between different Aβ isomers were 

observed (Table 3). 

 

Figure 8 Full-length Aβ1-42 barrel conformations in the lipid bilayer. Simulated barrel structure 

with an embedded pore structure and highlighted subunits for (A) the conformer 1 and (B) the 

conformer 2 D-Aβ1-42 barrels, and (C) the conformer 1 and (D) the conformer 2 L-Aβ1-42 barrels. 

(E) High resolution atomic force microscopy (AFM) images of D- and L-Aβ1-42 reconstituted in 

the lipid bilayer. The number of subunits is resolved and indicated for each channel. (From 

Connelly et al., 2012,
77

 reprinted with permission). 
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Figure 9 Aβ mutant channels/barrels in the lipid bilayers. (A) Simulated channel/barrel 

structures with an embedded pore structure for the p3-F19P (from the truncated Aβ17-42) mutant 

channel (left panel, from Jang et al., 2010,
36

 reprinted with permission) and for the conformer 1 

and the conformer 2 F19P (from the full-length Aβ1-42) mutant barrels (middle and right panels, 

from Connelly et al., 2012,
78

 reprinted with permission). (B) Simulated barrel structures with an 

embedded pore structure for the conformer 1 and the conformer 2 F20C (from the full-length 

Aβ1-42) mutant barrels (from Connelly et al., 2012,
78

 reprinted with permission). 

 

4.3 Aβ mutants: F19P, F20C, and Osaka mutant (∆E22) channels 

Several point mutations linked to AD occur naturally in the Aβ peptide, clustered around the 

central region of the peptide.
11,161

 These include the Flemish (A21G),
162

 Artic (E22G),
163

 Italian 

(E22K),
164

 Dutch (E22Q),
162,164,165

 and Iowa (D23N)
166

 mutants. Since they affect the salt bridge 

in the turn region, several studies, experimental and computational, probed these substitutions in 

a water environment to understand their conformational consequences.
55,167-174

 In addition, a 

designed synthetic proline substitution in the central region for a Phe residue is of particular 

interest, since proline is a β-sheet breaker, preventing the Aβ propagation into β-sheet-rich 

oligomers or fibrils.
175,176

 The distinct behavior of the proline substitution in the Aβ channels  
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Figure 10 Osaka mutant (∆E22) barrels in the lipid bilayers. (A) Monomer conformations of the 

Osaka mutant with different turns at Ser25-Ile30 (conformer 1) and Asp22-Gly28 (conformer 2). 

(B) The U-shaped monomer conformations are similar to the wild type Aβ1-42 peptides with 

different turns at Ser26-Ile31 (conformer 1) and Asp23-Gly29 (conformer 2). Simulated barrel 

structures with an embedded pore structure for (C) the conformer 1 and (D) the conformer 2 

Osaka mutant (∆E22) barrels. (From Jang et al., 2013,
106

 reprinted with permission). 

 

Page 23 of 41 Chemical Society Reviews



24 

 

indicated that substitution of Phe19 with Pro (F19P) in both truncated p3 (Aβ17-42) and full-

length Aβ1-42 channel/barrel conformations prevented pore activity and hence cellular 

toxicity.
36,78,104

 Computational studies of these F19P mutant channels/barrels verified that kinks 

at Pro19 destabilized an inner β-sheet formed by the pore-lining β-strands (Fig. 9A). As a result, 

the F19P substitution induced collapsed pores which prevented ions permeating across the 

bilayer. However, unlike the collapsed pore induced by the F19P substitution, the F20C 

substitution preserved the solvated pore with channel activity comparable to the wild type (Fig. 

9B). Both F19P and F20C, channels and barrels, presented outer diameters in the wild type 

range, while the pore sizes significantly decreased for the F19P and slightly reduced for the 

F20C (Table 4). 

 Another mutation in the central region of the Aβ peptide, nicknamed the Osaka mutation, 

is a deletion of Glu22 (∆E22).
177

 It was known that Aβ mutants with a familial Alzheimer’s 

disease (FAD)-linked point substitutions at Glu22 were toxic species.
178

 Like these point 

substitutions, the complete elimination of the Glu22 position, rather than an amino acid 

substitution, is still linked to FAD. Recent computational studies provided a membrane-bound 

conformation of the ∆E22 barrel in atomic-level detail,
106

 demonstrating that the mutant barrels 

presented similar morphologies and dimensions as those of the wild type Aβ1-42 (Fig. 10 and 

Table 4). This suggested that the Osaka mutant could directly relate to the Aβ ion channel-

mediated mechanism as observed for the wild type Aβ peptide in AD pathology. 
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Figure 11 Computational modelling of pyroglutamate (pE) modified Aβ barrels. (A) Molecular 

structure of pyroglutamate (pE) at position 3. (B) Monomer conformations of AβpE3-42 (upper) 

and AβpE3-40 (lower) peptides. (C) Modelled structures of 18-mer AβpE3-42 (left) and AβpE3-40 

(right) barrels. 
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4.4 AβpE3-42 channels 

Pyroglutamate (pE) modified Aβ peptides, in particular, the AβpE3-42 peptide have been 

increasingly associated with enhanced toxicity, possibly due to its increased stability and higher 

aggregation propensity.
179,180

 This peptide is generated post-translationally by cleavage of the 

first two N-terminal amino acids of Aβ1-42, leaving an exposed glutamate (E) residue in position 

3. The pyroglutamate (pE) ring is subsequently generated by intramolecular dehydration 

catalyzed by the glutaminyl cyclase (QC) enzyme.
179

 Our preliminary AFM results indicate that 

the AβpE3-42 peptide is able to form a channel in the lipid bilayer, with similar characteristics and 

dimensions as the channels observed in previous studies.
77,78

 Subsequent MD studies also 

provide a model of AβpE3-42 barrel in atomic details (Fig. 11). 

 

5. Conclusions 

Although the molecular mechanisms of Aβ that lead to cellular dysfunction are still unclear, they 

involve interactions of oligomeric species with the cell membrane.
19

 Lipids and amyloid peptides 

can reciprocally affect their respective conformations. Aβ peptides have the potential to affect 

the structural integrity of the membrane, ultimately leading to cytotoxicity. Conversely, lipid 

membranes can promote the conversion of amyloid monomers into β-sheet-rich toxic oligomeric 

species.
29,181

 Aβ membrane binding and insertion suggested that β-sheet oligomers spontaneously 

inserted to form membrane-bound aggregates.
159

 These aggregates in the membrane were 

cytotoxic, and their presence, validated by electrophysiological recordings, set the amyloid 

channel hypothesis.
120,121

 Amyloid channels were stable over time with lifetimes ranging from 

several minutes to hours. The cationic selective channels were voltage independent and blocked 

by zinc, presenting multiple interconverting conductance levels, suggesting that Aβ-mediated 
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permeabilization is specifically caused by formation of intrinsic calcium permeable membrane 

pores.
182

  

 Several AFM structural studies have shown doughnut-like amyloid channels in lipid 

bilayers with outer diameters typically raging between 8-12 nm and inner diameters of ~2 

nm.
21,72-74

 Unlike typical ion channels, which have a well-defined number of subunits, amyloid 

channels present a varying number of subunits, ranging between trimers and hexamers.
77

 

Subsequent MD simulations provided amyloid channel conformations in atomic-level detail.
33-

38,75,77,78,103,104,106
 These computational channels were modeled using the U-shaped Aβ peptide 

with the β-strand-turn-β-strand motif. In the simulated channels, the solvated pore was lined by 

the central β-strands containing polar/charged residues, while the hydrophobic C-terminal 

strands interacted predominantly with the lipids. The modeled channels exhibited the water pore, 

wide enough for multiple ions to simultaneously enter and exit.  

Given their prevalence, disordered states have been of increasing interest. Amyloidogenic 

deposits typically arise from disordered peptide species or fragments of amyloidogenic proteins. 

Disordered states are characterized by broad ensembles with no clear, highly populated state. 

Within the ensembles there are also β-rich conformers, and these associate through hydrophobic 

interactions and favorable generic backbone hydrogen bonds. The regular self-assembled 

structures permit seed formation which can propagate to form long and branched aggregates. The 

common occurrence of these in solution as a typical organization, irrespective of precise 

sequence reflects the cross-β stability. Peptides have long been known to insert into membranes. 

Here we posited that in membrane environments disordered peptides similarly tend to form 

common favored motifs. While here we focused on Aβ, we detailed their occurrence for Aβ 

variants – mutational and truncated species, as well as other amyloidogenic peptides, a cytolytic 
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peptide and a synthetic gel-forming peptide. The fact that if the concentration of the disordered 

peptides is sufficiently high they tend to form annular organizations in membrane environments 

is not surprising: channels allow outer facing hydrophobic residues to favorably interact with the 

lipid membrane environment, and charged/polar residues to face a solvated water pore. Certain 

polar lipid-facing side chains in the β-strand can still be satisfied by some water molecules that 

permeate the membrane. This dislike of a membrane environment by the charged/polar surfaces 

already induces curvature to the oligomers, shrinking these exposed surfaces and expanding the 

membrane-loving hydrophobic, outer-surfaces, preorganizing the oligomers for channel 

formation. On the down side, while energetically favorable, such channels are toxic, since they 

permit unregulated passage of ions in their solvated pores, thus disturbing the cellular ionic 

homeostatis. 

Although there has been significant support for the Aβ channel conformation consisting 

of the U-shape motif, this does not necessarily imply that such conformational species are always 

the preferred conformational states. The amyloid landscape is highly heterogeneous and different 

channel conformations may be populated.
9,44,63

 Highly polymorphic membrane-permeated 

channels could evolve from different seed formations.
105,159

 Whether these channels assembled in 

identical shape in the membrane or not, abundant structural evidence for Aβ channels with the β-

sheet morphology by AFM and MD studies strongly suggests that a direct mechanism for the 

loss of cell ionic homeostasis in AD may also be operable in the cell.
126,183
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Table 1. Structural features of the p3 (Aβ17-42) channels/barrels embedded in various lipid 

bilayers. 

 

p3 (Aβ17-42) 
Outer 

diameter 
(nm) 

Pore 
diameter 

(nm) 

Pore 
status 

Number of 
subunits 

Embedded lipid Reference 

12-mer channel ~6.1 ~0.8 collapsed - DOPC 37 

16-mer channel ~6.8–6.9 ~1.7 opened 4, 5 DOPC 36,37 

20-mer channel ~7.4 ~1.9 opened 5 DOPC 37 

24-mer channel ~8.0 ~2.5–2.7 opened 3,5 
DOPC 

POPC/POPG=4:1 
33,34,37 

36-mer channel ~9.3 ~3.9 reduced 6 DOPC 37 

12-mer barrel ~6.7 ~1.8 opened 3 DOPC 38 

16-mer barrel ~6.8 ~1.5 opened 5 DOPC 38 

20-mer barrel ~7.3–7.9 ~1.7–2.2 opened 4,5 DOPC 38 
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Table 2. Structural features of the N9 (Aβ9-42) channels/barrels embedded in various lipid 

bilayers. 

 

N9 (Aβ9-42) 
Outer 

diameter 
(nm) 

Pore 
diameter 

(nm) 

Pore 
status 

Number of 
subunits 

Embedded lipid Reference 

12-mer channel ~6.6 ~0.6 collapsed 2 DOPC 35 

16-mer channel ~7.3–7.4 ~1.5–1.7 opened 5 DOPC 35,36 

20-mer channel ~7.8 ~1.9 opened 3 DOPC 35 

24-mer channel ~7.8–8.3 ~2.2–2.5 opened 4,5 
DOPC 

POPC/POPG=4:1 
34,35 

36-mer channel ~10.3 ~3.7 reduced 6 DOPC 35 

12-mer barrel ~6.6 ~1.3 opened 3 DOPC 38 

16-mer barrel ~7.2 ~1.6 opened 4 DOPC 38 

20-mer barrel ~7.7–8.0 ~1.9 opened 5,6 DOPC 38 

 

 

  

Page 38 of 41Chemical Society Reviews



39 

 

Table 3. Structural features of the 18-mer Aβ1-42 barrels composed of both Aβ conformer 1 and 2 

and/or both L- and D-Aβ isomers in various lipid bilayers. 

 

18-mer Aβ1-42 
barrel 

Outer 
diameter 

(nm) 

Pore 
diameter 

(nm) 

Pore 
status 

Number of 
subunits 

Embedded lipid Reference 

Conformer 1 
(L-isomer) 

~7.9–8.3 ~1.8–2.2 opened 4 
DOPC 

DOPS/POPE=1:2 
77,78,106 

Conformer 1 
(D-isomer) 

~7.8 ~1.9 opened 4 DOPS/POPE=1:2 77 

Conformer 2 
(L-isomer) 

~8.0–8.1 ~1.9–2.2 opened 3 
DOPC 

DOPS/POPE=1:2 
77,78,106 

Conformer 2 
(D-isomer) 

~8.2 ~2.1 opened 5 DOPS/POPE=1:2 77 
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Table 4. Structural features of the p3 (Aβ17-42) F19P mutant channel, the full-length (Aβ1-42) 

F19P and F20C barrels, and the Osaka mutant (∆E22) barrels with an absence of Glu22 in 

various lipid bilayers. 

 

Aβ mutant 
channel/barrel 

Outer 
diameter 

(nm) 

Pore 
diameter 

(nm) 

Pore 
status 

Number of 
peptides 

Embedded lipid Reference 

p3-F19P 
channel 

~6.4 ~0.9 
clogged 

up 
16 DOPC 36 

F19P barrel 
(Conformer 1) 

~7.7 ~1.5 
clogged 

up 
18 DOPS/POPE=1:2 78,104 

F19P barrel 
(Conformer 2) 

~7.6 ~1.7 collapsed 18 DOPS/POPE=1:2 78,104 

F20C barrel 
(Conformer 1) 

~7.9 ~1.7 opened 18 DOPS/POPE=1:2 78,104 

F20C barrel 
(Conformer 2) 

~8.1 ~1.7 
partially 

collapsed 
18 DOPS/POPE=1:2 78,104 

∆E22 barrel 
(Conformer 1) 

~7.9 ~2.1 opened 18 DOPC 106 

∆E22 barrel 
(Conformer 2) 

~7.6 ~1.5 reduced 18 DOPC 106 
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